Shaped holes are considered as an effective solution to enhance gas turbine film-cooling performance, as they allow to increase the coolant mass-flux, while limiting the detrimental lift-off phenomena. A great amount of work has been carried out in past years on basic flat plate configurations while a reduced number of experimental works deals with a quantitative assessment of the influence of curvature and vane pressure gradient. In the present work PSP (Pressure Sensitive Paint) technique is used to detail the adiabatic effectiveness generated by axial shaped holes with high value of Area Ratio close to 7, in three different configurations with the same 1:1 scale: first of all, a flat plate configuration is examined; after that, the film-cooled pressure and suction sides of a turbine vane model are investigated. Tests were performed varying the blowing ratio and imposing a density ratio of 2.5. The experimental results are finally compared to the predictions of two different correlations, developed for flat plate configurations.
Introduction
To prevent jet lift-off and consequently a loss of film efficiency, film cooling schemes of vane and blade generally adopt fan shaped film holes instead of standard cylindrical holes at the cost of increasing manufacturing complexity. Shaped holes are internally characterized by a cylindrical duct followed by a fan shaped style expansion that helps to reduce the jet velocity and to spread the coolant protection. Nowadays, several studies are available on the open literature dealing with shaped holes behaviour. Many of them highlight the effect of different geometric and fluid-dynamic parameters, in order to achieve an effective prediction of their performance [1] . In this context Colban et al. [2] used the results of past studies to develop a correlation to predict the adiabatic effectiveness produced by shaped holes on a flat plate. The correlation includes the influence of several geometrical parameters; however, as far as fluid-dynamics aspects are concerned, only the effect of blowing ratio (BR) was accounted for. To overcome this limitation, more recently Chen et al. [3] developed an improved correlation where the effect of density ratio (DR) was also considered. Although these correlations constitute powerful means for performance predictions, they have some limitations mainly due to the fact that it is not easy to cover, with a simple equation, the influence of the various parameters affecting the film cooling behaviour. Moreover, it must be considered that the level of knowledge of shaped holes performances drops considerably when the focus is shifted from flat plates to turbine vane/blade configurations. Concerning these cases, additional parameters have been recognized as important ones.
Both the mainstream pressure gradient and the surface curvature play an important role in defining the film-cooling performance; the mainstream Mach number was also found to influence the results.
Early studies have been carried out to assess how cylindrical holes behave on either concave (i.e., pressure side) or convex (suction side) surfaces [4] [5] [6] . According to Han et al. [7] , results demonstrated that it is fairly reasonable to state that a convex surface enhances cooling effectiveness at low momentum flux ratios while a concave surface performs better at higher momentum flux ratios. In particular, a concave surface is generally characterized by lower adiabatic effectiveness than a flat plate, due to the static pressure force acting on the jets that moves them away from the surface. Increasing the momentum ratio leads to a reduced coverage in the very proximity of the holes, but the area downstream of it is generally characterized by an improved effectiveness, as a stronger reattachment occurs, since the curvature is along the direction of the lift-off. For convex surfaces, on the other hand, effectiveness is generally higher than for flat plates, but an important drop-off in performance occurs as the momentum ratio overcomes threshold values; the adiabatic effectiveness is always higher in the proximity of the holes, as the surface curvature works against the reattachment. More recent studies focused on the analysis of cylindrical [8, 9] and shaped holes [10, 11] on actual turbine vane/blade geometries. Despite their conclusions were often qualitatively similar to the ones of the previous base studies, the quantitative behaviour could significantly deviate. Barigozzi et al. [12] and Gritsch et al. [13] also showed that an increase in Mach number (i.e., flow acceleration) could be beneficial to the film coverage, as the positive stream-wise pressure gradient creates higher velocities in the boundary layer and keeps the jets closer to the surface.
Despite these thorough investigations, the early-stage design of film cooling system on vane/blade surface generally adopts, because of their simplicity, correlations developed on flat plate test rig, missing the effects of pressure gradient and curvature. Moreover, the typical correlations for shaped holes have limited validity ranges and frequently, for a first step evaluation of the performance, the designers stress these equation beyond their limits. Therefore, the necessity of benchmarking these predictions with experimental characterizations of the specific configuration still stands. In the present work, pressure sensitive paint (PSP) technique was used to assess the adiabatic effectiveness generated by laid-back fan-shaped holes on a flat plate and on suction and pressure side of a 2D vane model. The test article was installed on a two passages cascade rig, in order to replicate representative conditions in terms of mainstream pressure gradients and aerodynamics. The shaped holes geometry was selected with a high value of Area Ratio (around 7), beyond the typical values considered by published correlations. Finally, these correlations were stressed on the experimental results to check their prediction capability on both the flow stands (i.e., with and without the effect of curvature and pressure gradients).
Experimental Apparatus
Two different test rigs were designed: the first one allowed to investigate the turbine vane configuration, while the second was used for the flat plate one.
Cascade Test Rig
As anticipated, the measurements have been performed on a prismatic vane specimen, built up by extruding the midspan profile of a second stage vane; the resulting vane height is 100 mm. The test article was installed in a cascade rig illustrated in Figure 1a , while a detailed view focussed on the test section is reported in Figure 1b . The test rig is installed in an open-loop wind tunnel, in which the main airflow is provided by two screw compressors. A plenum chamber is used to damp the non-uniformities in the airflow before it reaches the test section. The film-cooling system is fed from the top of the vane model; it presents an internal cavity so to have a feeding-from-plenum configuration for the cooling holes. The casing, where the blade is installed, is made by direct metal laser sintering, and its lateral walls have the same shape of the blade pressure side and suction side to simulate the presence of adjacent vanes. A CFD optimization process has been conducted for the design of both the casing and the downstream duct, to recreate periodic conditions. More details on rig characteristics can be found in Bacci et al. [14] . Three different optical accesses are used to frame a sufficient part of the cooled test article: the first one allows to investigate the lower part of the pressure side (closer to inner endwall), while the second and the third can be used to frame the upstream and the downstream part of the suction side respectively; a more detailed visualization of the investigated area can be obtained from the 2D contour plots reported in the results section. A turbulence grid with square rods is used to increase the mainflow turbulence up to about 10% on the leading edge position as measured using standard hot-wire anemometry technique. A calibrated orifice (standard EN ISO 5167-1) is used to measure the mainstream mass flow rate upstream of the test rig, while a Coriolis flow meter (Bronkhorst Coriflow M55) is used for the coolant. Expected uncertainties stay within 1.3% and 0.5% for main and coolant flow respectively. T-type thermocouples and pressure taps are used to measure temperature and pressure across the mainflow path and inside the coolant cavity, to set and monitor the operating conditions; for the same reason a Kiel probe measures the total pressure at the cascade inlet. The expected uncertainty are ≈0.5 K for temperature measurements and ≈52 Pa for pressure measurements. Two different test articles have been investigated: the first one has film-cooling holes only on the pressure side, while the other presents only suction side film-cooling; the choice was made to limit the coolant mass flow used for each test. Figure 2 shows 3D models of both test articles together with the relevant geometric parameters of the film cooling system. The first test article, called PS test article, has four pressure side rows with 10 to 13 film-cooling holes in a staggered configuration. Each rows is 12 mm distant to each other along with the curvilinear abscissa of the vane; the second test article (SS) has only three rows: two of them are located in the first part of the surface, while the third is far downstream and close to the trailing edge. All the cooling holes have a the real engine diameter of 0.6 mm. The other geometric parameters of the laid-back fan-shaped holes have been chosen to adapt to the local expected mainstream conditions and can slightly change from row to row. The only relevant variations stay in the surface angle (α) and in area ratio (AR = A exit /A in ) and coverage ratio (t/p), for the SS3 row. As stated above the shaping of the hole is quite aggressive with high value of AR close to 7 for all the other rows. All the geometrical details of the holes row-by-row are summarized in the tables of Figure 2 . The test articles were manufactured in Inconel material using laser sintering technology and it was externally machined to restore an adequate finishing of the vane profile. The shaped holes were realized using standard EDM procedure which guarantee high fidelity of the internal hole geometry [15] . 
Flat Plate Test Rig
The flat plate investigation was aimed at testing, in a basic configuration, the behaviour of shaped holes selected with geometry parameters far from typical values available in the scientific literature. Tests were carried out using a test rig, depicted in Figure 3 with a constant cross section area (120 × 40 mm 2 ) in the mainstream path. The test article is completely made of transparent PMMA (Poly-Methyl Methacrylate), thus allowing the required optical access for PSP measurements. The mainstream is drawn by means of two vacuum pumps; before entering into the test section, it passes through a honeycomb and several screens to set a uniform velocity profile. The mass flow rate is measured with an orifice, suitably placed downstream of the test rig, according to the standard EN ISO 5167-1. Upstream of the measuring section, 12% of the mainflow is drawn in order to fix the boundary layer starting point and control its thickness; a similar orifice to the one used for the mainflow is used to control the amount of bled air. The film cooling holes are fed by a plenum chamber, connected directly below the test plate. A grid is installed upstream of the test section to increase the turbulence intensity up to the values imposed on the cascade rig. As for the cascade rig, different thermocouples and pressure taps are used to control the operating conditions, with similar uncertainties. The geometric parameters of the film-cooling holes are also reported in Figure 3 ; all of them are very close to the values of the geometries investigated in the cascade rig including the diameter. Care was also taken selecting the same EDM manufacturing process adopted in the cascade test article. The tested plate (FP test article) presents five rows with 7 or 8 holes in a staggered configuration. Further details on the film cooling facility can be found in Becchi et al. [16] . 
Operating Conditions
The operating conditions for both the test rigs are summarized in Table 1 ; the operating point of the mainflow in the cascade rig was selected to ensure a representative pressure gradient. Four different blowing ratios were investigated on the cascade rig, while only two for the flat plate. Both main and coolant flows were fed at room temperature, to allow PSP technique to be used. The density ratio was fixed at a representative value of 2.5, choosing an appropriate tracer gas for the cooling system (calibrated mixture of N 2 and SF 6 ). For the flat plate rig, the reported Re number was estimated using the length between the edge of the boundary layer removal plenum and the test section. From the measurement reported by Becchi et al. [16] the height of the approaching boundary layer is approximately 4.5 mm. It must be pointed out that the reported blowing ratios are average values, while the local ones can slightly change from row to row, due to the variation in the mainstream (i.e., holes discharge) conditions. An account of the actual variations will be provided in the results section. To mitigate the differences in the mainstream Reynolds number, the flat plate tests were also carried out reducing the section of the mainstream flow path in order to twice the Reynolds. Negligible differences were found between the nominal and the high-Reynolds cases.
The throat Mach number was evaluated through preliminary CFD evaluations, aimed at the test rig design. It was also verified, in the commissioning phase, with an additional test article provided with pressure taps at 50% of the span. The results, reported in Figure 4 , show a good matching between CFD predictions and experimental findings. The positions of the cooling holes on test articles PS and SS are also reported. 
Experimental Technique and Data Reduction
The pressure sensitive paints (PSP) are organic substance, composed by oxygen sensitive molecules embedded in the paint solution using a polymer binder permeable to oxygen. If excited with a UV light, the paints can be used as wall oxygen concentration detector. Since the oxygen concentration can be easily linked to the partial pressure of air, the properties of PSP make the mixture adequate for adiabatic effectiveness measurements using heat and mass transfer analogy, as described by Han et al. [7] . To do so, it is necessary to use an oxygen-free tracer gas in the coolant flow. For the present work a N 2 − SF 6 mixture was used to reach a density ratio of 2.5. A scientific grade camera (PCO.1600, 1600 × 1200 pixel) was used to acquire the PSP response through PMMA windows installed on the optical accesses highlighted in Figures 1 and 3 . The UV light (from a UV LED Illuminator system IL104) passes though the same windows to excite the painted test articles. A blue filter is applied on the UV LED, to filter out the emission components below 470 nm, while a 610 nm red filter is installed on the camera. A thorough description of the measurement technique can be found in Caciolli et al. [17] . The expected uncertainty stays within about 10% for η ad = 0.2 and 2% for η ad > 0.8. Figure 5 shows the adiabatic effectiveness contour plots for all the tested configurations and blowing ratios. The different camera framings do not allow to cover the whole vane surface; nevertheless, the investigated areas are wide enough to characterize the behaviour of the film-cooling holes on the different surfaces. At a first sight it is possible to note, for the suction side results, a strong effect of the secondary flows, as the coolant traces are driven away from the endwalls towards the midspan; this well-known effect [10, 11] determines the presence of uncovered areas close to the endwalls, in the region between rows SS2 and SS3 and close to the trailing edge. In the latter location, this phenomenon also creates two areas (h/H = 65%-80% and 20%-35%) where the effectiveness is slightly higher than at midspan, due to the superposition of the converging coolant traces. On the pressure side the effects of secondary flows, that generally moves the traces towards endwalls, can be hardly noted on the maps.
Experimental Results

Adiabatic Effectiveness Measurements
An increase in blowing ratio determines important improvements, with longer coolant traces, in the film coverage on PS and FP results; for row PS1, at BR = 1, the local pressure ratio across the holes is very low and hence the performances near the exit of the hole is affected by the ingestion of mainstream. To better explain the behaviour, Figure 6 shows the 1D profiles of spanwise averaged effectiveness. The averaging areas, reported in Figure 5 with dotted red boxes, were selected far from the effects of secondary flows. The profiles confirm that an increase in the adiabatic effectiveness occurs for both PS and FP, as long as the BR is enhanced: on the pressure side, in particular, the increase in the jets momentum is beneficial, as it works against the effect of the vane pressure gradient that tends to move the jets away from the surface. Regarding the suction side, the increase in BR is detrimental for the film protection especially close to the holes break-out position where the surface curvature enhance the lift off phenomena. On the other hand, an increase of cooling flow helps the film coverage in the downstream areas where the higher amount of coolant injected reattach to the airfoil surface. For these phenomena, the SS averaged trends present a steep decay of adiabatic effectiveness close to the hole break-out, while the results get flatter downstream. This particular behaviour seems more emphasized by the blowing ratio and it strongly affects the shape of the averaged profiles downstream the row SS3. In Figure 7 a direct comparison between FP, SS and PS results is reported varying the mean blowing ratio. The comparison has to be limited to the first two rows of cooling holes, as they are the only ones where the streamwise pitch is the same for all the configurations. It is worth to notice that, for the cascade rig, tests are setup imposing an averaged value of BR: differences between the averaged values and real local BR can occur especially at the lower coolant conditions. However, the intent of the Authors in this part of the data analysis is to emphasize the role of curvature and pressure gradient mainly on the shape of film effectiveness instead of comparing local values. The measured values are quite similar for SS and FP configurations. In particular, very similar peak values, are achieved while the decay rate slightly differs: for BR = 1 and 2 the SS results show a steeper decay close to the hole exit, while they tend to recover downstream and their values are slightly higher respect to the flat plate. Increasing BR, the FP configuration tends to provide the better results in the peak locations.
On the other hand, the PS results show significantly lower adiabatic effectiveness levels. Looking to the the full set of trends from BR = 1 to BR = 2.5, the main difference between SS and PS can be found on the different shape of the film effectiveness downstream the hole exit: the PS trends have a strong drop off of film covering and just upstream the second row of holes the effectiveness is far below the set of data collected on the SS. At BR = 1 the difference is appreciable, even if the PS result is biased by the very low local BR of the first row. The differences between PS and the other two configurations tends to reduce as the BR is increased: at BR = 2, the peak adiabatic effectiveness of the first cooling row is very similar between PS and SS.
Clearly, this comparison is affected by the local row-by-row values of BR that can not be precisely the same for FP and vane results since the mainstream conditions will induce a BR variation among the cooling rows of the vane configurations. In the next paragraph an attempt to scale this effect and achieve a more effective comparison will be provided, thanks to the adoption of a correlative approach. 
Comparison with Correlations
Once the experimental results have been described and analysed, it is possible to provide a comparison with the values predicted by two correlations, developed for flat plate configurations (no effects of curvature and pressure gradient). The considered correlations were developed and described in the works of Colban et al. [2] and Chen et al. [3] ; as described in the introduction, the second one provides little modification with respect to the first one, aimed at including the effect of the density ratio. The superposition effect between different rows is considered using Sellers' superposition approach [18] . Concerning the geometrical parameters, the cited correlations were developed within the following ranges of area ratio, hole spacing and coverage ratio: 2.5 < AR < 4.7; 4 < p/d < 8; 0.31 < t/p < 0.75
The film cooling arrangements tested in this work actually present values outside of this ranges, or at the lower limit for t/p, for FP, PS and for most of the SS configuration. Only the last row of the SS geometry presents values that fall within the correlations limits. For this reason it could be expected that some discrepancies could exist between the predicted values and the experimental findings. Despite that, the used correlations constitute, in the authors' knowledge, the most accurate and comprehensive tools to describe the performance of shaped film-cooling holes, as well as the most adopted ones. The intent of the authors by comparing the experimental database with the outputs of these correlations is to asses their reliability in predicting the film performances of holes with an aggressive shaping (AR ≈ 7) and to underline a possible under/over estimations when the pressure gradients and surface curvature are considered.
The local values of BR, for the different rows, to be used in the correlations, were calculated knowing the mainstream local conditions, by CFD results, and an average holes discharge coefficient value, through the results of a preliminary flow check. The local, row-by-row, values of BR is provided in Table 2 .
As it can be noted from the table, some consistent discrepancies between the local values and the nominal BR occur, especially concerning the PS. Row PS1 shows the maximum variation of BR with very low values at the average BR = 1, due to the very low pressure ratio across the holes, and very high values at BR = 2.5, due to the fairly limited mainstream velocity. Consequently the downstream rows show opposite behaviours in order to reach the nominal average value, while the suction side holes are much closer to the nominal one. Since these differences, not present in the flat plate configuration, can not be considered through the simple analysis of the experimental results, the comparison with the correlations assumes mandatory importance as it allows to account for the actual local values of BR. Summarizing, the comparison with these correlations is useful to complement the presented experimental data for the following reasons:
•
Compare correlation predictions to a baseline flat plate configuration, in the case of film-cooling holes with aggressive shaping, so to assess their prediction capability.
Remove the effect of the variations of fluid-dynamic and geometric parameters, from row to row and between different configurations, that could bias the FP-vane comparisons reported in Figure 7 , since they are accounted for in the adopted correlations.
Assess how the actual performance on the vane can deviate from what would be calculated through common correlations. The comparisons are reported in Figure 8 for all the configurations and test points. It is worth to underline that the correlations locate the peak values at the hole break-out position; its intensity only depends on the coverage ratio of the holes, assuming η = 1 over the whole spanwise length of the hole t. These hypothesis clearly represent an approximation of the coolant behaviour since in the experiment the adiabatic effectiveness starts to increase upstream of the break-out and the peak value can be lower if the hole is overly diffused and jet separation occurs inside it. Analysing the results of Figure 8 , the hypothesis of the correlative approach must be considered especially looking to the film values near the rows of holes.
Starting from the FP configuration, the correlations tend to predict slightly higher peak values and a reduced decay rate, with respect to the measurements. In the authors' opinion this is due to the effect of the area ratio since the correlations have been developed using experimental data collected on configurations whose AR ranged from 2.5 to 4.7; according to this data, an increase in the adiabatic effectiveness with the AR is predicted by the correlations. On the other hand, Gritsch et al. [19] , showed that the effect of AR was marginal beyond 3.5. For these reasons it is reasonable to assume that the extrapolation of the correlations predictions at a higher AR (more than 7 for the tested configurations) could provide an overestimation of the adiabatic effectiveness. The hole spacing could also play a role, if the correlations underestimated the decrease in effectiveness, increasing p/d beyond their limits (p/d = 8), but, in the authors' knowledge, there is no proof of this in the open literature. A slightly better prediction of the decay rate is provided by the correlation that accounts for the actual DR value, but the impact of this parameter is very limited. Despite these difference, the matching between correlations and experiments is acceptable, pointing out at the reliability of the correlative model to quantify the effectiveness generated by the tested hole pattern and flow conditions. Therefore, an effective comparison between the vane experimental results and a flat plate configuration, described through the correlation-predicted values, accounting for the actual and local fluid dynamic conditions of the vane configurations, can be carried out in the following. The correlations always over predict the PS results in a significant way. Even if the increase in BR is beneficial to the pressure side behaviour, as showed previously, it doesn't actually result in an improvement in the comparison and the plots remain quite far from each other. The correlative approach seems not able to predict effectiveness peaks and decay shape. The strong differences in the peak values of effectiveness is ascribable to the behaviour of the holes on the vane surface which present values below η = 1 in hole traces due to a strong interaction with the mainstream.
Concerning the SS, experiments and correlations are in a good agreement especially at lower BR conditions. In addition, the different trend of the adiabatic effectiveness decay downstream of the holes is confirmed: the decay is steeper for the experiments, close to the break-out position, while the trend is flatter moving downstream. This behaviour well highlights the tendency of the coolant to lift off from a convex surface, while, downstream, the vane pressure gradient counteracts this effect pushing the cooling flow towards the surface. As a result, flat plate correlations reveals inaccuracy near the SS1 and SS2 holes, while downstream the agreement with experiments is acceptable (see for example the region upstream the SS3). The biggest differences between experiments and correlations are located downstream the last row of holes and they are enhanced increasing the BR value. Since SS3 presents some differences in the coverage ratio and in the area ratio, with respect to the other rows, it could be thought that this is the reason of the mismatch. However, SS3 geometrical parameters values fall well within the range of the experimental data used for developing the correlations: therefore, it should not be expected to be the cause of the detected differences. For these reasons the behaviour of SS3 should be expected to be caused by the suction side configuration itself: it is worth to notice, in fact, that in the final part of the suction side the pressure gradient (i.e., pressure different between pressure and suction side), which generally help the film protection increasing the BR, is significantly lower than in the upstream region. Therefore, it is reasonable to conclude that the reduction of this beneficial effect is responsible for the drop of performance with respect to the predicted values of correlations.
Conclusions
Adiabatic effectiveness measurements were carried out, by means of PSP technique, on a film-cooled plate and a 2D turbine vane model; the fan shaped hole geometry selected for the present research was characterised by a high value of Area Ratio (around 7) not covered by the validity range of available correlations.
The results showed a coherent behaviour with the available literature, from a qualitative point of view, regarding different aspects as the effect of secondary endwall flows, the trend of the decay rate downstream of the holes and the effect of the blowing ratio. The comparison between the output of correlations and the flat plate tests showed the reliability of the correlative equations to describe the film behaviour with acceptable agreements beyond their validity range.
A direct comparison between flat plate, suction side and pressure side results highlighted significantly worse performance for the PS configuration, while the SS test articles behaved quite similarly to the FP one. The comparison of the experimental results with the prediction of correlations developed for flat plate configurations revealed an important overestimation in the predicted PS effectiveness, which represents a critical region for the correlative methods. Moreover, an overestimation was also detected for the final cooling row of the suction side, located in the final part of the surface where the beneficial pressure gradient is significantly reduced and the film cooling performance drops below the predicted values.
All these results point out to the inaccuracies that can be introduced by the adoption of common prediction tools for the evaluation of the film-cooling performance on turbine vanes as well as to the necessity to carry out ad-hoc experimental analysis, to avoid dangerous underestimation of the resulting vane temperature, with particular attention to the pressure side and to the final part of the suction side.
Author Contributions: T.B., A.P. and B.F. conceived and designed the experiments; T.B. and A.P. performed the experiments, analyzed the data and wrote the paper; B.F. supervised the whole process and checked the paper. 
Funding
